Final Results from the KT eV Exp eriment on the Decay K !
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We report on a new measuremert of the branching ratio B(K | !
We reconstruct 1982 events with an estimated background of 608, that results in B(K !

= (1129 0:03sm  0:05y4)

strength of vector meson exchange terms in this decay. We nd ay =

° ) using the KT eV detector.

° )

10 ®. We also measurethe parameter, ay , which characterizes the

031 0:0551(,11 O:O?sy st .

Theseresults utilize the full KT eV data set collected from 1997to 2000 and supersedeearlier KT eV

measuremerts of the branching ratio and av .

PACS numbers: 13.20.Eb, 11.30.Er, 12.39.Fe, 13.40.Gp

. INTR ODUCTION

The decay K. ! ©  provides important chedks of
low-energy theories of strange mesondecas. In Chiral
Perturbation Theory (ChPT) the branching ratio for this
decay can be determined with no free parametersup to
O(p*). Howevwer, the rst measuremets of the branch-
ing ratio for K ! ©  [1{3] were approximately three
times larger than the predicted O(p*) branching ratio
of 0:68 10 6[4]. Extending the theory to O(p®) and
including vector mesonexchangeterms raise the branch-
ing ratio prediction to be consistert with the measured
values[§ 6]. The vector meson cortributions can be
parametrized by an e ectiv e coupling constart ay .

The K. ! 0 decay is important also becauseof
its implications for the related decay K ! o+,
where I*| can be either efe or * . Currently,
the best limits for these decays are B(K | ! Ogte )

<28 10 P[7]andB(K.! °* )< 38 10 [,
both at the 90% con dence level. The expected branch-
ing ratios are approximately 1 43 10 '[9, 10]. There
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are three cortributions to the K. !  °I*| deca, clas-
sied in terms of their CP symmetry; one consenesCP
symmetry, oneviolatesit indirectly and onedirectly. The
direct CP violating amplitude is of interest within the
Standard Model but also can show signs of new physics
[10Q], leading to an enhancemen of the K| ! "] rate.
In order to determine the direct CP violating terms, one
must rst determine the other two amplitudes. The indi-
rect CP violating amplitude can be determined from the

decay Ks! OlI*| , andthe NA48 experiment has mea-
suredB(Ks ! %e*e )= 5:8%% 10 °[11]. Because
the K. ! °I*1 deca can proceedvia a CP conserv-

ing two-photon exdhange, the CP conservingterms can
be probedusingK_ ! © . A precisemeasuremen of
the parameter ay can be usedto determine the size of
the CP conservingamplitude in K, ! 01*]

There have beena number of previous measuremets
of K ! 0 from the E731, NA31, NA48 and KTeV
experiments.[1{3, 12, 13. The two most recert mea-
suremens are the NA48 result of (1:36  0:03y
0:03yst 0:03orm) 10 © and the KTeV result of
(1:68 0:07stat 0:08syst) 10 6. Both of theseresults
are signi cantly more precisethan the E731 and NA31
results. However, the NA48 and KT eV results di er by
nearly three standard deviations. The measuremen dis-
cussedhere supersedeghe previousKT eV result and rec-
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FIG. 1. Schematic of the KT eV detector.

oncilesthe di erence betweenthesetwo results.

II. THE KTEV DETECTOR

Data usedin this analysiswere collected during three
running periodsin 1996,1997 and 1999 using the KT eV
detector at Fermilab. Becauseof the similar topology
betweenthe K. ! © decassandthe K. ! ©
decays usedto measure = [14], we recordedthe K !

0 events during the samecollection period used for
the KTeV & measuremen

The KT eV experiment[15] is a xed-target experiment
built to study decays of neutral kaons. A schematic of
the detector is shown in Figure 1. Two neutral kaon
beamswere producedthrough interactions of 800 GeV/c
protons in a 30 cm long beryllium oxide target. The
resulting neutral particles passedthrough a seriesof col-
limators and absorbers to produce two nearly parallel
beams. Charged particles were removed from the beams
by sweepingmagnetslocated downstream of the collima-
tors. A vacuum decay volume extended from 94 to 159
meters downstream of the target, and was far enough
away from the target that the vast majority of the K g
componert had decayed away. An active regeneratorwas
located within the vacuum region, approximately 123
meters downstream of the target. This regenerator al-
ternated betweenthe two neutral beamsto generatea
K s componert in one of the beams. The beamthat co-
incided with the regenerator was called the regenerator
beam, while the other beam was denoted the vacuum
beam. For this analysis, we only considereddecays from
the vacuum beam. To reject photons, primarily from de-
caysof K. ! 0 0 0 the decay volume was surrounded
by photon veto detectors, that rejected photons produced
at anglesgreater than 100 milliradians with laboratory
energiesgreater than 100 MeV. A kevlar and mylar vac-
uum window with a radiation length of 0.14% covered
the downstream end of the vacuum decay region.

The most critical detector elemert in this analysiswas
the pure Csl electromagnetic calorimeter[14. The Csl
calorimeter, showvn in Figure 2, was composed of 3100
blocks in a 1.9 m by 1.9 m array with a depth of 50 cm

1.9m

FIG. 2: Transverseview of the KT eV Csl calorimeter. The
smaller blocks are located in the certral region with the larger
blocks located in the outer region.

corresponding to 27 radiation lengths. Two 15 cm by 15
cm holeswerelocated near the certer of the array for the
passageof the neutral beams. For photons with energies
between?2 and 60 GeV, the calorimeter energyresolution
was below 1% and the nonlinearity was lessthan 0.5%
per 100 GeV. The position resolution of the calorimeter
was approximately 1 mm.

Two levelsof hardware triggers were usedin the KT eV
experiment. For the K ! 0 ewerts, the rst level
trigger required the evert to deposit more than approxi-
mately 25 GeV in the Csl calorimeter with lessthan 100
MeV in any of the photon vetoes. The secondlevel trig-
ger utilized a hardware cluster processorthat counted the
number of separate clusters in the Csl calorimeter[1§].
Each cluster had to have an energygreater than approx-
imately 1.0 GeV and the total number of clustersin the
Csl calorimeter was required to be equal to four.

Everts that satis ed the hardware triggers were also
required to satisfy an online software lter. This Iter
required that one of the six possiblecombinations of two
photons reconstructed near the ° mass. In addition,
the Iter required that the decay vertex reconstructed
upstream of 155m for the 1996-1997data and 140 m for
the 1999 data. This requiremert was tightened for the
1999 data to help reducethe trigger rate for the K !

0 sample. These trigger requiremerts also selected
KL ! 9 0 events which were used as a normalization
mode for calculating the K| ! ©  branching ratio.

IIl.  EVENT RECONSTR UCTION

The K ! 0 nal state consistsof four photons
with no other activity in the detector. In this analysis
we require that all events have exactly four clusters in
the Csl calorimeter and that the energy of ead cluster
is greater than 2.0 GeV. To reduce contamination from
everts originating from the regeneratorbeam, the certer



of energy (Eq. 9 of [14]) is required to be within the Csl
beam hole corresponding to the vacuum beam.

In the decay K. ! © the positions and energiesof
the four photons do not provide enoughconstraints to de-
termine both the decay position and the invariant massof
the system. Therefore, we assumethat the four-photon
invariant massis equalto the kaon mass,and reconstruct
the decay vertex position (z) from the calorimeter infor-
mation. For a © decajing into two photons, one can
determine the two-photon massusing the following rela-
tion:

p___
miz 7E1E2r12 (1)
Zcsl
where E; and E, are the energiesof the two photons,
ri2 is the distance betweenthe two photons at the Csl
calorimeter, and zcg isthe distancebetweenthe decay
vertex and the Csl calorimeter. Using the position of the
reconstructeddecay vertex, we determine the two-photon
massfor ead of the six possiblecombinations and choose
the combination with the reconstructed massclosestto
the known © mass. If the closestmasscombination dif-
fers by more than 3 MeV/ ¢? from the known © mass,
we reject the event. The total energy of the kaon sys-
tem, determined from summing the energiesof the four
clusters, is required to be between40 and 160 GeV. Af-
ter theserequiremerts the data sample is dominated by
badkgrounds from K. ! %20 0and K, ! 0 0 de-
cays. Additional cuts described in SectionV are usedto
reducethesebadkgrounds.

IV.  MONTE CARLO SIMULA TION

A detailed Monte Carlo simulation was usedto esti-
mate the detector acceptanceand the badkground level
in our nal sample. Our Monte Carlo simulates the kaon
production at the target and propagatesthe kaon am-
plitude through the detector. The kaon then decays ac-
cording to the appropriate decay mode, and the resulting
daughter particles are traced through the KT eV detector.
The interaction of the decay products with the detector
is simulated and the detector responseis then digitized.

Details of the simulation for all detector componerts
are given in [14]; here we focus on the simulation of the
Csl calorimeter. To simulate the response of the Csl
calorimeter, we used a library of photons generated us-
ing GEANT simulations[17]. The library cortained in-
formation deposited into a 13 13 array of Csl crystals.
The wrapping and shims separating ead crystal wasin-
cludedin thesesimulations. This library wasbinned asa
function of the energy and position of the incident pho-
ton. We stored the energy depositions for ead crystal
in 10 longitudinal bins to include the e ects of nonlinear
responsealong the length of the crystal.

During the course of our studies we found that the
GEANT-based shower library was not adequate for de-
scribing the transverse distribution of the energy in a
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FIG. 3: The photon shape 2 variable. a) The photon shape

2 variable for K. ! ° ° with the dots represerting the
data and the solid histogram the Monte Carlo simulation. The
Monte Carlo simulation was generated using our GEANT-
based shawer library. b) The photon shape 2 variable for
K.! © %events. The dots are the data and the histogram
represerts the Monte Carlo simulation using our data-based
shower library . The data-basedMonte Carlo simulation shows
marked improvemert over the GEANT-based shower library .

electromagnetic shover. As noted below, we make use
of this transverseshape to help reducebadkgrounds from
K. ! 900 decays. To better simulate the shower
shapes,we alsoimplemented a data-basedshower library .
These showers were extracted from K, ! ° 0 events
taken during special, low-intensity runs to reducethe ef-
fects of accidertal activity in the Csl calorimeter. The
data-basedshaower library was also binned as a function
of the incident photon energy and the incident position.

To characterize the transverse energy deposition of a
electromagnetic shower, we devised a photon shape 2
variable. This variable comparesthe energyin the cen-
tral 3 3 crystals of a cluster to the expected energy
distribution. While a7 7 array of crystals is used for
accurate cluster energyreconstruction, the photon shape

2 is determined from the certral 3 3 crystals to min-
imize any biasesfrom accidertal activity. As shown in
Figure 3, Monte Carlo everts utilizing the data-based
shower library match the data better comparedto the
GEANT-based shower library . For our Monte Carlo sam-
ples, we utilized both shower libraries. The GEANT-
basedshower library was usedto determine the energy
and position of the cluster, while the data-basedshower
library was usedfor extracting the transverse shape in-
formation.



V. BACKGROUNDS TO K_ ! °©

After the evert reconstruction discussedn Sectionll|,
large backgrounds remain in our data sample. Here we
discussthe additional criteria usedto reducetheseback-
grounds. The major backgrounds in our data sample
consist of everts with neutral beam particles interacting
in the vacuum window, kaon decays with charged tracks,
KL ! 9 0decays, and K. ! © 0 0 decays, with
the K. ! © 0 0 decas being the most di cult to re-
move. Vacuum window interactions can produce © ©
and © pairs. To remove the vacuum window interac-
tions, we loop over the six possibletwo photon combina-
tions and determine the two-photon decay vertex assum-
ing the photons resulted from a © decay. For eadt of
the six possible combinations, we reject the event if the
decay vertex is downstream of the vacuum window and
the invariant mass of the other combination is near
the neutral pion or mass. Events with charged tracks
are removed by requiring that the total number of hits
in the drift chamber systemis lessthan 24; a two-track
evert will produce 32 hits in the drift chambers.

The K. ! 9 0 ewents are easily identi able because
both  pairswill reconstruct with m m o mass. Al-
most all of these everts are removed by rejecting events
in which both masses(mi, and ms4) are near the

% mass. my, is the two-photon invariant mass clos-
est to the 9 mass, while ms, is the invariant mass of
the other pair of photons. In about two percert of the
KL ! 0 0 evers, our choicefor mi» and ms4 did not
correctly chooseboth © ! decays, and so the cut
to removethe K. ! 0 © badkground fails. To remove
theseewvents, we alsoexaminethe other two possiblecom-
binations of the four photons and discard any evert in
which both the mq> and mz4 valuesare near the massof
the ©.

Because we required exactly four photons, K !

0 0 0 decays can only cortribute to the badkground
if some of the photons miss the calorimeter or two or
more photons \fuse" together in the calorimeter. To re-
duce badckgrounds from decays with missing photons, we
remove events with any signi cant energyin any of the
photon vetoes. Also, by restricting the deca region to
115< z < 128,wereducethe K. ! 2 © 0 packground
signi cantly becauseevents with missing photons tend
to have a reconstructed decay vertex downstream of the
true decay position. As shown in Figure 4, the decay ver-
tex distribution for K| ! 0 O everts is relatively at
downstream of 120 meters. However,the K, | 0 0 0
badkground risessharply asthe decay vertex position in-
creases.

After applying the cuts described above, there still re-
mains a signi cant number of K. ! © © O decays; far
more than the signal from K. ! ° . These decas
result primarily from events in which two of the Csl clus-
ters come from fused photons. To remove these everts,
we selectevents with a small photon shape 2. For non-
fused clusters this variable peaks near zero, while for
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FIG. 4: The reconstructed decay vertex position from four
photons for all events (histogram) prior to imp osing the decay
vertex cut. All cuts except for the decay vertex and photon
shape 2 have beenapplied. The shaded histogram indicates
KL! °%andK. ! ©° candidates. The rise at large
valuesis dueto K. ! ° ° 2 decays in which one or more
photons missesthe Csl calorimeter. The position of the cut
is indicated by the two vertical lines.

fusedclustersthis shape 2 variable becomesquite large.
Figure 5 shows this variable for both the data and for
the K. ! 9 9 O packground. We require the shape 2
to be lessthan 1.8. This cut waschosento maximize the
signalsigni cance. ForK_ ! © 9 9 packground everts
we veri ed the photon shape 2 distribution in the signal
region by reweighting everts from the tails of the © mass
distribution and found the resulting shape to correspond
to our Monte Carlo prediction. The photon shape ? is
our nal cut, and reducesour badkground to a reasonable
level.

VI.  BRANCHING
DETERMINA

RATIO AND av
TION

After applying all of the cuts described above we nd
1982 everts before subtracting badkground. The nal
m34 massdistribution is showvn in Figure 6, with the data
well-represerted by the signal plus badkground Monte
Carlo simulation. The badkground comprises approxi-
mately 30% of the total evernt sample.

To determine the K ! O pranching fraction, we
usethe following expression

B = ((Not
B(K. !

Npkg)=N32 o)
0 0)

(20= 0 )
B(°! ) )
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Carlo simulation.

where Ny is the number of candidate events, Npyg iS
the number of badkground events, N, o is the number
of normalization events, and , ¢« and o are the ac-
ceptancesof the K. | % %andK_ ! © ewens,
respectively. The acceptanceswere determined using
our Monte Carlo simulation described above. The value

B(KL ! 99 isthe measuredK_ ! © O branch-
ing ratio. In the previous KT eV analysis, the value of
B(KL! © 9 usedwas(9:36 0:2) 10 4. Weare now

using the most recert determination of B(K, ! © 9)
= (8:69 0:08) 10 *[18, 19. To determine the num-
berof K. ! 9 9 normalization decays, we court the
number of everts in the region, 0:130 GeV/c? < ma4 <
0:140 GeV/c?. The kaon energy and decay vertex for
our normalization mode are shown in Figure 7. There
is good agreemen between the data and Monte Carlo
simulation.

The numbers usedfor the branching ratio determina-
tion are shawn in Table I. Note that the acceptancedor
the signal and normalization modesare nearly identical;
this helps to signi cantly reduce the systematic uncer-
tainties due to the acceptancecalculation.

We also extract the value of ay, using the model
described in [5], from our data by performing a
two-dimensional maximum likelihood t to the two
Dalitz parameters Zpai = m3,=mz and Ypaiz =
(E, E,)=mg.E ,andE , arethe photon energiesn
the kaon certer-of-mass. The distributions of the Yp ajitz
variable is shown in Figure 8, while the Zp 4, variable is
closelyrelated to the m34 distribution shown in Figure 6.
The data usedto determine the value of ay is listed in



Parameter 1996-1997 1999| Total
N tot 989 993| 1982
Nt Npkg 670.6 703.8/ 1374.4
N, o Events 482027 437305919332
Signal Acceptance 0.0330 0.0261] 0.030
Norm Acceptance 0.0328 0.0257] 0.030
Ko ! 3 9Bkg 313 288 601
Ko ! 2 9Bkg 5.4 1.2 6.6

TABLE I: Valuesusedin branching ratio calculation
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VIl. SYSTEMA TIC UNCER TAINTIES

In general,the systematic uncertainties related to the
branching ratio measuremen are assaiated with either
the acceptancecalculation or the badkground estimate.
The largest systematic error is due to the changein the
acceptanceas a function of the value of ay . This comes
about mainly becausethe ms, distribution dependsupon
the value of ay , and the acceptancevariesacrossthe msq
region. We nd that the ay dependencehasthe following
form: B = (1:33+ 0:13 ay) 10 °. We consenatively
evaluate this systematic error by allowing ay to vary by

0:16. The next largest systematic uncertainties are re-
lated to the acceptanceratio betweenthe normalization
and signal acceptances.To determine a systematic error
for the acceptance,we comparedthe K, ! 9 data

and Monte Carlo simulation. We then reweighted the
speci ¢ Monte Carlo distribution to match the samedis-
tribution in data. We usedthis weight factor to calculate
a new acceptanceand usedthe di erence to assigna sys-
tematic uncertainty. We also examinedthe K, ! 0 ©
decays and found similar results when reweighting the
Monte Carlo simulation to match the data. Since the
KL! 9 0%andK_.! © sampleshave nearly identi-
cal acceptancesthis givesus con dence in our estimate
in the systematic e ects. The variables that had the
largest e ect on the acceptancewere the kaon energy
and the photon veto response. We assigneda systematic
uncertainty of 1.16%due to the acceptance.

The ability of our Monte Carlo simulations to repro-
ducethe K. ! © © 0 padkground also cortributes to
the systematic uncertainty. To estimate the e ects from
our knowledgeof the badkground, we looked at all everts
before applying the shape 2 cut. This sampleis dom-
inated by K. | © 0 0 everts. We then reweighted
the badkground Monte Carlo sampleto match the data
in a particular parameter. The change in acceptance
multiplied by the badkground fraction was taken to be
the systematic uncertainty from a specic variable. In
particular, we assignedthe following systematic uncer-
tainties due to our simulation of the badkground: the
photon shape 2 (1.07%), the drift chamber simulation
(0.92%), the photon veto simulation (0.90%), the kaon
energyshape (0.69%), and the K. decay vertex distribu-
tion (0.38%).

In addition to the acceptancecalculation and the badk-
ground determination, a few other e ects corntribute to
our systematic uncertainty including the Monte Carlo
statistics, the badkground normalization and the mea-
suredK, ! 9 0gnd 91 branching fractions. For
this analysis, we generatednearly 10" K, ! 9 0 0 de-
cays, more than twice the badkground statistics. These
statistics contribute 1.0%to the systematic uncertainty.
To determine the normalization of the K, | © 00
Monte Carlo sample, we rst scaledthe K, ! 00
Monte Carlo sample to the obsened © peak in the
m34 mass distribution in the data. We then normal-
izedthe K. ! 9 0 0 samplerelative to the number
of KL ! 0 O events by the ratio of the branching ra-
tios and the number of generated events. To assignha
badkground normalization systematicerror, we scaledthe
Ko ! 900 padkground everts directly to the shape

2 distribution and comparedthe di erence betweenthe
two methods. This contribututed 0.90%to the total sys-
tematic uncertainty. Finally, we assigneda 0.5% sys-
tematic uncertaintly due to the error on the measured
K. ! 9 Opranching ratio. All of the systematice ects
arelisted in Table Il, with atotal systematic uncertainty
onthe K. ! 9 branching ratio of 3.0%.

To determine the systematic uncertainty in our ay
measuremen, we varied the position of the selectioncuts
and looked for any non-statistical changein the value of
ay. Wealsovariedthe levelof K | © 9 9 padkground
according to the methods described above. The major



Type Source Uncertainty (%)
Acceptance ay dependence 1.50
MC acceptanceratio 1.16
Background Photon shape 2 1.07
Drift chamber hits 0.92
Photon vetoes 0.90
Kaon energy 0.69
Decay Vertex 0.38
General MC statistics 1.00
Background normalization 0.90
K. ! 2 9 branching ratio 0.50
Total 3.0

TABLE |[I: Branching ratio systematic uncertainties

systematic uncertainties assaiated with the determina-
tion of ay are listed in Table IIl. The main sourcesof
systematic error result from the uncertainty of the badk-
ground estimations. The total systematic uncertainty as-
sociated with the ay measuremen is 0.07.

Source Uncertainty
Z vertex cut 0.05
Photon veto cut 0.04
3 ° normalization 0.03
Photon shape 2 0.01
Total 0.07
TABLE IIl: ay tting systematic uncertainty.

VI1l. FINAL RESUL TS AND CONCLUSIONS

To obtain the nal branching ratio result, we used
the weighted average of the 1996-1997and 1999 num-
bers basedupon the statistical errors of the two results.
The systematic studies were done on the combined 1997
and 1999analysesto take into accourt any correlations.
Including the uncertainties due to the systematic e ects,
we nd the K. ! © Dbranching ratio to be

B(K, ! % )=

(1:29 0:03sr 0:05ys) 10 % (3)
This result is a signi cant improvemert over the previous
KT eV result, and supersedeghat result. The di erences
betweenthe current and previous results is discussedin
Section IX.

Our value of ay wasobtained using the tting method
described above. The 2 for the t is 56.6for 59 degrees

of freedom. Including the systematic error, we nd

The total error from our determination of ay is slightly
larger than the NA48 result, howewer, it is compatible

with their value.

The branching ratio result is consistert with the latest
O(p®) ChPT results. Our value of ay suggeststhat the
CP conservingamplitude in K. ! %" should be less
than 1 10 12 comparedto the expectedtotal branching
ratio of 3 10 1%[9]. Therefore this decay should be
dominated by CP violating terms. Future seardes for
KL ! DO%*e andK_ ! 0+ would be of great
interest since many models of new physics would sign -
cartly alter thesebranching ratios.

IX. APPENDIX A

Comparedto the previousKTeVK_ ! © branch-
ing ratio value, our new result is signi cantly lower. The
main di erence betweenthe two analysesarisesfrom our
simulation of the transversephoton shower shape. Our
previous analysisusedthe GEANT-based shower library,
while our current analysis utilizes the data-basedshowver
library. As shown in Figure 3, the data-based shower
library shows signi cant improvemert over the GEANT-
basedshower library. Utilizing this new shaower library
changesour estimate of the K. | © © 0 padkground,
increasing the background by a factor of approximately
two. The increasein badkground occurs becausethe
KL ! 9 09 0 packground peaksin the region of small
shape 2 as shown in Figure 5. In our previous result
the KL ! 9 9 0 packground shape dropped in the sig-
nal region. Accordingly, the background estimate uti-
lizing the GEANT-based shower library underestimated
the KL ! 9 0 0 packground.

In the previous result the systematic error for the mis-
match in the photon shape ? scaledwith the sizeof the
estimated background. However, since the badground
shape was incorrectly modeled, our estimate of the sys-
tematic error also was underestimated. Studies of other
variables sensitive to the K| I % 0 0 padkground ar-
rive at a similar estimate for the background level in the
current analysis.
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